A methanogen-specific nested PCR approach was used to detect methanogenic archaea in seawater particles of the North Sea and the feces and the digestive tract of flounder (Platichthys flesus), a fish found in the North Sea. A number of 16S rDNA sequences with 97.6^99.5% similarity to Methanococcoides methylutens were found in the seawater particles as well as the digestive tract and fecal samples. z
Introduction
Recently, we reported on the presence and diversity of uncultivated cren-and euryarchaeota in suspended particulate matter of the North Sea using PCR ampli¢cation of archaeal 16S rDNA [1] . This observation stimulated our interest in the presence and diversity of another group of archaea, i.e. the methanogenic archaea, in the North Sea ecosystem. Methanogenic archaea are prokaryotes that form the greenhouse gas methane and live under strict anaerobic conditions, such as those found in the rumen, aquatic sediments, and in anaerobic waste water treatment systems [2] . However, supersaturation of methane has been found in the oxygenated upper water column of a number of di¡erent oceans and has been referred to as the oceanic methane paradox [3] . The presence of methane in oceans is explained by the activity of methanogens which supposedly live inside small particulate matter, such as copepod fecal pellets, feces from marine animals, or marine snow particles [3, 4] . Indications for reduced microzones in seawater particles were found by Alldredge and Cohen [5] , who observed a steep gradient of oxygen in a large crustacean fecal pellet and by Shanks and Reeder [6] who detected sul¢de, a compound with a strong reducing capacity, in marine snow particles from well-oxygenated seawater.
A potential source of small suspended particles are feces from ¢sh and other marine animals. Several studies have demonstrated methanogenesis by intact zooplankton or their feces [7^9], by the intestinal content of marine ¢sh [10] , or by the forestomach content of baleen whales [11] . The only described cultures of methanogens from seawater particles are an enrichment culture of a strain of Methanococcoides methylutens from particles of the Paci¢c Ocean [12] and a number of pure cultures of methanogens from particles of Chesapeake Bay [4] . To our knowledge, no 16S rDNA sequences of these cultures or of uncultivated methanogens from seawater particles or digestive tract contents of marine animals have been described. Therefore, we evaluated whether 16S rDNA of methanogenic archaea could be ampli¢ed from DNA extracted from the digestive tract contents and feces of £ounder, a ¢sh species which lives in the North Sea, and from suspended particulate matter of the North Sea.
Materials and methods

Samples and DNA extraction
Water samples from the North Sea were obtained in May 1996 from stations at 10 and 235 miles north-west of the coast of Terschelling, one of the islands north of the Netherlands' main land. The samples were ¢ltered through Whatman GF/C ¢lters (1.2 Wm pore size) using a low pressure ¢ltration setup and the ¢lters were stored at 380³C until further use. A freshly caught £ounder (Platichthys £e-sus) was purchased at a local ¢sh market in Groningen, the Netherlands. The ¢sh was dissected immediately after being transported into the laboratory and the intestinal contents were carefully removed and stored at 380³C. Feces from other £ounder specimens were collected from the bottom of an aquarium present at the Department of Marine Biology, University of Groningen, and stored at 380³C until further use. DNA was extracted from the di¡erent samples as described previously [1] .
2.2. PCR ampli¢cation of 16S rDNA, cloning, sequencing, and phylogenetic analyses Archaeal 16S rDNA genes were ampli¢ed using two archaea-speci¢c primers S-D-Arch-0021-a-S-20 (Arch21F) and S-D-Arch-0958-a-A-19 (Arch958R) under the conditions as described by DeLong [14] . One microliter of archaeal PCR product was used for a nested PCR reaction in which the two internal primers S-D-Arch-0344-a-S-20 (5P-ACGGGGHG-CAGCAGGCGCGA-3P) and S-O-Msar-0860-a-A-21 (5P-GGCTCGCTTCACGGCTTCCCT-3P) were used. The PCR mixture (50 Wl) contained 1 Wl PCR product, 50 WM (each) deoxynucleoside triphosphate, 0.2 WM (each) primer, 5 Wl 10UTaq DNA polymerase bu¡er, and 2.5 Wg bovine serum albumin. PCR ampli¢cation was done under the following conditions: ¢rst denaturation at 94³C for 4 min and 10 s at 80³C, after which Taq DNA polymerase was added, followed by 30 cycles of ampli¢cation at 94³C for 1 min, annealing at 60³C for 1 min, and extension at 72³C for 1 min, and ¢nally 10 min at 72³C. Positive controls consisted of DNA from the methanogen M. methylutens and negative controls consisted of DNA from Escherichia coli or no DNA addition. Cloning and sequencing of 16S rDNA ampli¢cation products was done as described previously [1] . Alignments and phylogenetic analyses were done with the DCSE and TREECON for Windows software package as described by van der Maarel et al. [1] . The nucleotide sequences have been deposited with GenBank under accession numbers AF048767, AF048768, AF048769, AF048770, AF048771, AF048772, AF081942, and AF081943.
Results and discussion
16S rDNA of methanogenic archaea in seawater particles
In a recent study on the presence and diversity of uncultivated archaea in the North Sea, we showed that novel archaeal 16S rDNA sequences could be retrieved from seawater particles as well as feces and digestive tract contents of common North Sea ¢sh [1] . In addition to these novel archaeal 16S rDNA sequences, one sequence (NS-TS235-290) was found to be 99% similar to the 16S rDNA sequence of the marine methanogen M. methylutens (Fig. 1) . M. methylutens was isolated from marine sediments and shown to grow only on methylamines, degradation products of the algal osmolyte glycine betaine, or on methanol [2] . It is assumed that these substrates are not utilized by sulfate-reducing bacteria and thus are considered to be`non-competitive' substrates used exclusively by methanogens [13] .
This observation prompted us to investigate further if methanogenic archaea were commonly found in seawater particles. To speci¢cally amplify 16S rDNA of methanogens, a nested PCR approach consisting of two steps was chosen. The ¢rst step consisted of a PCR with general archaea-speci¢c primers, producing a 950-bp product (data not shown). In the second step, a small amount of PCR product from the ¢rst step was used as template and the 16S rDNA of methanogens was specifically ampli¢ed using an archaea-speci¢c forward primer (S-D-Arch-0344-a-S-20) and a more speci¢c reverse primer (S-O-Msar-0860-a-A-21). Both primers target sequences localized internally of the 950-bp primary product. The speci¢c primer has been used by Raskin et al. [15] as a probe to study the presence of methanogens belonging to the order Methanosarcinales in natural samples; however, in combination with the archaea-speci¢c forward primer also 16S rDNA of methanogenic archaea belonging to other orders can be ampli¢ed (Sprenger, unpublished results). After cloning, the PCR products and sequencing of a number of clones, the phylogenetic a¤liation of these clones was determined. Clones NS-TS10-308, NS-TS10-284, NS-TS235-278, and NS-TS10-311 clustered within the genus Methanococcoides (Fig. 2) and were most closely related to M. methylutens (98.5^99.6% similarity), and Methanococcoides burtonii (96.8^98.1% similarity), an isolate from the sediment of a fresh water lake on Antarctica. The clones were also related to previously characterized clones 2C30 (97.2^99.2% similarity) and 2MT98 (96.5^97.7% similarity), which have been obtained from a coastal salt marsh. The only cultures of seawater methanogens that have been de- scribed previously were an enrichment culture of M. methylutens from particles of the Paci¢c Ocean [12] and a number of pure cultures of methanosarcinas isolated from Chesapeake Bay particles [4] . No 16S rDNA sequence data exist for this strain of M. methylutens or these Methanosarcina cultures, making it currently not possible to study the phylogenetic relationship between these organisms and the clones obtained in this study.
16S rDNA of methanogens in the intestine and feces of £ounder
A major part of suspended particulate matter is probably composed of fecal material from marine animals. During our study of uncultivated archaea in the North Sea ecosystem [1] , we also found 16S rDNA of uncultivated cren-and euryarchaeota in the feces and digestive tract content of £ounder, a marine ¢sh species present in large numbers in the North Sea. To evaluate whether 16S rDNA of methanogenic archaea can be ampli¢ed from £ounder feces and digestive tract content, and to determine what the phylogenetic a¤liation of such methanogens is, 16S rDNA genes were ampli¢ed from fecal samples of £ounder kept in the laboratory and from the intestinal content of freshly caught £ounder. A PCR product of the expected size of 500 bp could be obtained from both the fecal and intestinal samples using the nested PCR approach as described above (Fig. 3) . Subsequent analysis of the phylogenetic af¢liation of two clones, i.e. FIN637 and FIN629, indicated that they cluster within the Methanococcoides genus and are closely related to M. methylutens (98.8^99.3% similarity), M. burtonii (97.2^97.7% similarity), and the clones obtained from suspended particulate matter (97.6^99.5% similarity), as is shown in Fig. 2 . 
Conclusions
Sequence similarities of 97% or higher are usually considered to indicate a phylogenetic relation at the species level [16] . Hence, the high percentage sequence similarity between the clones from suspended particulate matter, the ¢sh feces and digestive tract content suggests that they are strains of M. methylutens. It was somewhat surprising to ¢nd only 16S rDNA sequences closely related to M. methylutens and not to other methanogenic archaea. M. methylutens metabolizes methanol and tri/di/mono-methylamine [2] , which are derived from the algal osmolyte glycine betaine. The close a¤liation of the clones to the methylotrophic methanogen M. methylutens suggests that the methanogens of the ¢sh intestine and suspended particulate matter are also methylotrophs and thus are probably also able to convert methanol or methylamines. Interpretations about the phylogenetic relationship and physiological properties that are solely based on 16S rDNA sequences have to be treated with great caution and have to be supplemented with real physiological data, once the strains from which the sequences were derived have been obtained in pure culture. Another explanation for the limited diversity of methanogenic archaea could be that the DNA extraction procedure or the nested PCR approach used in this study are biased towards members of the genus Methanococcoides. Thus, 16S rDNA genes of other methanogens might only be found after extensive screening of the 16S rDNA libraries.
The results presented here indicate that strains of the methanogenic archaeon M. methylutens are present in small particles of the North Sea water column, and that closely related methanogens are present in the intestines and feces of a marine ¢sh species. Because most methanogens, including M. methylutens, are obligate anaerobes and cannot survive exposure to oxygen for a long period of time [2] , it is likely that the habitat for these seawater methanogens is the digestive tract of marine ¢sh and other animals. The digestive tract-associated methanogens might end up in seawater particles with the feces of the ¢sh. Formation of methane by the intestinal content of a number of marine ¢sh species has been demonstrated by Oremland [10] . Also, for other marine animals, it has been shown that the organisms, their fecal pellets, or the forestomach contents produce methane [7^9,11] . However, it cannot be excluded that the digestive tract-associated methanogens are derived from indigestion of seawater or sea£oor particles by the ¢sh. 
